Abstract Cadherin cell adhesion molecules play crucial roles in vertebrate development. Most studies have focused on examining the functions of classical type I cadherins (e.g., cadherin-2) in the development of vertebrates. Little information is available concerning the function of classical type II cadherins (e.g., cadherin-7) in vertebrate development. We have previously shown that cadherin-7 mRNA exhibits a dynamic expression pattern in the central nervous system and notochord in embryonic zebrafish. To gain insight into the role of cadherin-7 in the formation of these structures, we analyzed their formation in zebrafish embryos injected with cadherin-7-specific antisense morpholino oligonucleotides (MO). Notochord development was severely disrupted in MO-injected embryos, whereas gross defects in the development of the central nervous system were not detected in MO-injected embryos. Our results thus demonstrate that cadherin-7 plays an important role in the normal development of the zebrafish notochord.
Introduction
The vertebrate notochord, derived from the chordamesoderm, is an important source of molecules, e.g., sonic hedgehog (shh) crucial for the development of various tissues and organs including the neural tube and somites (Smith 1993; Bumcrot and McMahon 1995) . In zebrafish, soon after specification of the notochord precursor domain at 5-6 h post fertilization (hpf; Melby et al. 1996 Melby et al. , 1997 , morphogenetic movements including convergence and extension accompanied by mediolateral intercalation behavior in the dorsal mesodermal cells result in the formation of a straight rod-shaped notochord structure along the dorsal embryonic midline at 12 hpf (Glickman et al. 2003) . Molecular mechanisms underlying vertebrate notochord development have been under intense investigation. Some genes, such as Xnot in Xenopus (with chicken, mouse, and zebrafish orthologs: Cnot, Noto, and floating head, respectively) and no tail in zebrafish (von Dassow et al. 1993; Halpern et al. 1993; Stein and Kessel 1995; Talbot et al. 1995; Odenthal et al. 1996; Beckers et al. 2007) , play important roles in early differentiation of the notochord, whereas other genes, such as grumpy and sleepy (Odenthal et al. 1996; Parsons et al. 2002) , control late notochord development. Cadherin cell adhesion molecules have also been implicated in the formation of the notochord (see below).
Cadherins are a family of transmembrane proteins that mediate cell-cell adhesion mainly through homophilic interactions (Takeichi 1991) . Classical type I cadherins (e.g., cadherin-1, cadherin-2, and cadherin-4; Nollet et al. 2000) are crucial for the formation of vertebrate tissues and organs including the notochord and central nervous system (CNS; Redies and Takeichi 1996; Gumbiner 2005) . Little information is available concerning the function of other cadherins (e.g., cadherin-6 and cadherin-7, members of the type II cadherins; Nollet et al. 2000) in the development of the vertebrate notochord and CNS. In this study, we show that cadherin-7 message (cdh7) and protein (Cdh7) are expressed by the notochord in embryonic zebrafish, and that interference with cadherin-7 function by using translation-blocking morpholino antisense oligonucleotides (MO) severely disrupts notochord development, suggesting that the normal formation of the notochord requires cadherin-7 function. In contrast, no gross defects in CNS development are evident in cdh7 morphant embryos on comparison of various CNS differentiation markers.
Materials and methods

Zebrafish
Zebrafish (Danio rerio) were maintained as described in the Zebrafish Book (Westerfield 2000) . Zebrafish embryos were obtained from the breeding of wild-type adult zebrafish. Embryos for whole-mount immunocytochemistry (ICC) or in situ hybridization (ISH) were raised in PTU (1-phenyl-2-thiourea, 0.003%) to prevent melanization. All animalrelated procedures were approved by the Care and Use of Animals in Research Committee at the University of Akron.
MO injections and mRNA synthesis
Two translation-blocking MOs (cdh7MO1 or ATG MO: 5′-GCC AAC AGC AGT ATA GTC ATT ACA G-3′, cdh7MO2 or UTR MO: 5′-CAG AGC CAA TCT GCA TCA TTT GTT G-3′) and a MO with five-mismatched nucleotides (5-mis cdh7MO1: 5′-GCg AAg AGg AGT ATA GTg ATT AgA G-3′) were used in the study. These MOs, designed by and purchased from Gene Tools (Philomath, Ore.), were utilized as described (Nasevicius and Ekker 2000) . Compared with data bases by using BLAST, the cdh7 MOs sequences showed no significant similarities to any sequences other than zebrafish cdh7 (GenBank accession number: DQ411036). MOs (2 nl) were microinjected into one-to four-cell stage embryos (Table 1) in Daneau buffer (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO 4 , 0.6 mM Ca(NO 3 ) 2 , 5.0 mM HEPES pH 7.6).
Zebrafish cdh7 (12 nucleotides in the 5′untranslated region +coding region) was amplified with primers containing NcoI restriction sites and cloned into pCS2+MT (myc tag, Turner and Weintraub 1994) . The polymerase chain reaction product was verified by restriction digestion and sequencing. Capped cdh7 mRNA was synthesized from the pCS2+MT/cdh7 vector by using SP6 mMessage mMachine kits (Ambion, Austin, Tex.). cdh7 mRNA (75-150 pg/embryo) was injected alone or with cdh7MO2 (the cdh7 mRNA sequence does not contain binding sites for cdh7MO2) into one-to four-cell stage embryos as described above.
Injected embryos were allowed to develop at 28.5°C until the embryos reached the desired stages (e.g., 50 hpf), anesthetized in 0.02% MS-222, fixed in 4% paraformaldehyde, and processed for ISH or ICC (see below).
Cadherin-7 antibody production
A synthetic peptide, 5′-DRNTDLERFFNIESPTG-3′, corresponding to zebrafish cadherin-7 amino acid residues 370-386 (Liu et al. 2007 ) was conjugated to keyhole limpet hemocyanin and used to immunize two rabbits (Covance Research Products, Denver, Pa.). The resulting crude rabbit polyclonal antiserum was affinity-purified by covalently linking the synthetic peptide to Affi-Gel 15 resin (Bio-Rad, Hercules, Calif.) according to the manufacturer's instructions. Detailed procedures for the affinity purification were as described previously (Liu et al. 2001a, b) .
ISH, immunoblotting, and ICC
Detailed procedures for ISH, ICC, and immunoblotting were as described previously (Liu et al. 1999; 2001a) . The ISH probes used were cdh7 (Liu et al. 2007 ), dlx2a a These embryos had smaller and truncated bodies that were different from the cdh7 morphants b The body defects in these embryos were milder than in cdh7 morphants (Akimenko et al. 1994) , krox20 (Oxtoby and Jowett 1993) , pax7 (Seo et al. 1998) , shh (Krauss et al. 1993) . Primary antibodies used were anti-acetylated tubulin (1:2,000; Sigma, St. Louis, Mo.), anti-HuC/HuD (1:2000; Molecular Probes/Invitrogen, Carlsbad, Calif.), cadherin-7 (1:2,000 and 1:3,000 for immunoblotting and immunofluorescent methods, respectively), zn5 (1:1,500; Zebrafish International Resource Center, University of Oregon, Eugene, Ore.), and 3A10 (1:500; The Developmental Studies Hybridoma Bank, The University of Iowa, Iowa City, Iowa).
Results and discussion
Cadherin-7 expression in developing notochord
Cadherin-7 message (cdh7) expression was first detected in the developing zebrafish nervous tissue at 12 hpf (Liu et al. 2007 ). cdh7 was not detected in the notochord of 15 hpf embryos ( Fig. 1a ), but its expression was found in the notochord of 17-18 hpf embryos (Fig. 1b) . cdh7 expression in the notochord continued in 20-21 hpf embryos (data not shown), but cdh7 expression was not observed in older embryos (24 hpf, Fig. 1c , 36-50 hpf, data not shown). Cadherin-7 protein expression (Cdh7) was similar to its message, being strongly expressed in the notochord of 18-21 hpf embryos (Fig. 1f) , much reduced in 24 hpf notochord (Fig. 1g) , and not detectable in the notochord of older embryos (26-30 hpf, data not shown). The specificity of the cadherin-7 antibody was demonstrated by immunoblotting of zebrafish embryonic tissues (lysates of whole embryos at 30-36 hpf). The antibody detected an intense band at about 100 kDa (Fig. 1d, lane 1) , a molecular mass similar to the mouse cadherin-7 protein (105 kDa; Nakagawa and Takeichi 1998). The zebrafish cadherin-7 antibody also detected a faint band about 110 kDa, a molecular mass similar to several type I classical cadherins (Liu et al. 2001a, b) . The staining of both bands was eliminated when the antibody had been preincubated with the synthetic cadherin-7 peptide used for the generation of the cadherin-7 antibody (Fig. 1d, lane 2) . Moreover, the antibody staining pattern in the embryonic brain (Fig. 1e ) was similar to cdh7 expression in the brain (Liu et al. 2007) .
Despite the large number of cadherins isolated (Nollet et al. 2000) , only a few cadherins (cadherin-2, cadherin-10, EP-cadherin, axial protocadherin, and protocadherin Fat) have been found to be expressed in the developing notochord (Levi et al. 1991; Simonneau et al. 1992; Nakagawa and Takeichi 1997; Kuroda et al. 2002; Down et al. 2005; Liu et al. 2006 ). cdh7 expression, as observed here in the embryonic zebrafish notochord, is brief (several Fig. 1 Expression of cadherin-7 message (cdh7, a-c) and protein (Cdh7, f, g) in the developing zebrafish notochord (mus body trunk muscles, ot optic tectum, sc spinal cord, sm somites, teg tegmentum). a-c Lateral views of the mid-trunk region of whole-mount embryos (anterior to left, dorsal up). Arrowheads in a indicate cdh7 expression in the neural tube (nt). f, g Horizontal sections of the mid-trunk region (anterior to left). The notochord (nc) in a, c, g is indicated by dashed lines. e Cross section from the midbrain region (dorsal up). Cdh7 expressionn is indicated by two arrowheads (arrow non-specific immunoreactivity). d Immunoblot of 30-36 h post fertilization (hpf) lysate of whole-mount embryo demonstrating the specificity of the affinity purified zebrafish cadherin-7 antibody. Staining of both the 100-kDa and 110-kDa molecular mass bands (lane 1) were eliminated when the antibody was preincubated with an excess of the cadherin-7 synthetic peptide used to generate the antibody (lane 2). The molecular mass band at 47 kDa, detected by using an anti-acetylated tubulin antibody, shows equal loading of protein in each lane (40 μg total protein/lane). Bars 100 μm (a-c), 50 μm (e), 25 μm (f, g) hours) compared with its expression in the CNS (3 days). This brief cdh7 expression in the embryonic notochord is similar to that of axial protocadherin in embryonic Xenopus (Kuroda et al. 2002) , and cadherin-10 in developing zebrafish (Liu et al. 2006 ).
Cadherin-7 is involved in notochord development MO techniques effectively and selectively block gene function in zebrafish (Ekker 2000; Nasevicius and Ekker 2000) . Injections of translation-blocking cdh7 MOs into oneto four-cell stage zebrafish embryos resulted in embryos (cdh7 morphants) with undulating bodies (Figs. 2, 3 , Table 1 ). The specificity of cdh7 MOs was demonstrated by rescuing the phenotype with synthetic cdh7 mRNA injections (Fig. 2d, Table 1 ). Moreover, Cdh7 expression in the notochord was greatly reduced in cdh7 morphants (Fig. 2g,h ) compared with uninjected control embryos (Fig. 2e ) or control MO (5-mis) injected embryos (Fig. 2f) .
The body undulation, first detected in 18 hpf embryos (Fig. 3f) , was both dorsoventral and lateral and became more obvious at 22-24 hpf (Fig. 3g) . The phenotype persisted in older embryos (36-74 hpf, Fig. 3i,j,m,n) . Expression of shh, an early marker of the differentiating notochord (Krauss et al. 1993 ), was not affected in the morphants (Fig. 3e-h ). Careful examination of the notochord under high magnification revealed that most of the control notochord cells were cylindrically shaped when viewed laterally (Fig. 3k) , whereas morphant notochord cells were of various shapes and sizes in both moderately affected embryos (Fig. 3l ) and more severely affected embryos (Fig. 3o) . Gaps were clearly visible among notochord cells in more severely affected embryos (Fig. 3o) , whereas notochord cells in the control embryos were tightly associated (Fig. 3k) . Injections of the 5-mis control MO resulted in embryos that were indistinguishable in morphology from uninjected control embryos (Table 1) . Our results suggest that cadherin-7 is not required for the early differentiation of the notochordal cells, since the rod-like notochord is well formed by 12 hpf, several hours before cdh7/Cdh7 expression is detected in the structure. The period of zebrafish cadherin-7 expression in the notochord (17-24 hpf) coincides with a critical stage of notochord development when chordamesoderm cells start to differentiate into mature notochord cells (Hawkins et al. 2008 ); therefore, cadherin-7 is likely to be involved in this transition.
The notochord defects in the zebrafish cdh7 morphant were different from those of Xenopus embryos with disrupted axial protocadherin function, in which separation compared with that of uninjected control embryos (e) or embryos injected with the control (5-mis) MO (f). e, g Horizontal sections (anterior to left). f, h Cross sections (dorsal up) of mid-trunk region. The notochord in the morphants is outlined by dashed lines (arrows non-specific immunoreactivity, which is similar between the control embryos and morphants). Abbreviations as in Fig. 1 . Bars250 μm (ad,25 μm (e-h) of the notochord and other mesodermal cells (e.g., the pronephros) was severely affected. Notochord defects in cadherin-2 mutants (Radice et al. 1997; Pujic and Malicki 2001; Lele et al. 2002) have not been reported. Although zebrafish cadherin-2 mutants have crooked body axis (e.g., the body bends either to the left or right at 50 hpf in the glass onion mutant; Pujic and Malicki 2001), whereas mice cadherin-2 mutants display undulating neural tubes (Radice et al. 1997 ).
Expression of neural markers is not altered in CNS of cdh7 morphants
We previously showed that cdh7 was expressed early (12 hpf) and exhibited a segmental pattern in the developing zebrafish CNS (Liu et al. 2007 ). To determine whether cadherin-7 regulates CNS differentiation, the expression of several neural markers was examined in control and morphant CNS. The homeobox gene, d1x2a, is expressed as two diagonal bands, parallel to the optic recess, in the early embryonic forebrain (Akimenko et al. 1994 ). The dlx2a expression pattern was similar between the control embryos ( Fig. 4a ) and cdh7 morphants (Fig. 4e ) at 24 and 36 hpf. shh and pax7 are important dorsoventral patterning genes (Ericson et al. 1996; Matsunaga et al. 2001) and are known to regulate cdh7 expression in chicken embryos (Luo et al. 2006) . shh is expressed in the ventral region of the developing CNS (Krauss et al. 1993) . Similar shh expression patterns were observed in the control embryos (Fig. 4b ) and cdh7 morphants (Fig. 4f) . In embryonic zebrafish, pax7 is expressed in almost the entire optic tectum and cerebellum, whereas its expression in the hindbrain and spinal cord is restricted to the border of the alar (dorsal) and basal (ventral) regions (Seo et al. 1998) . Disruption of cadherin-7 function did not change the expression pattern of this marker in the morphants (24 hpf: Fig. 4c,d ,g-k, m-o; 30 hpf, data not shown). To examine further the development of the morphant hindbrain, the expression of krox20 (in rhombomeres 3 and 5; Oxtoby and Jowett 1993) was compared between the control embryos ( Fig. 4l ) and cdh7 morphants (Fig. 4p) . Similar to the expression of the other markers, there was no obvious difference in the krox20 expression pattern between these two groups. These results are summarized in Table 2 . To examine cadherin-7 function during the CNS development of older embryos (34-50 hpf), we performed immunostaining for zn5 (labeling a subset of differentiating cells in the CNS; Kanki et al. 1994; Sassa et al. 2007 ) and 3A10 (labeling a subset of hindbrain spinal cord projecting neurons such as Mauthner neurons; Brand et al. 1996) . The domain size and shape of zn5 expression and the projection patterns of zn5-positive cells throughout the CNS were similar between control and cdh7 morphants (Fig. 5) . The Mauthner cells in the morphant hindbrain (Fig. 5t) also showed a similar location, size, shape, and projection pattern as those in control embryos (Fig. 5n) . Despite the undulating spinal cord, probably attributable to the undulating notochord, zn5-positive cells (secondary motoneurons in the spinal cord; Fashena and Westerfield 1999) in the morphant spinal cord were confined to the ventral 1/3 of the structure (Fig. 5g,s) as in the control embryos (Fig. 5c, m) , and the periodicity of the spinal nerves was not disrupted (Fig. 5g,h ). These results suggest that the differentiation of the zebrafish CNS is not affected in cdh7 morphants. This may be partially caused by activities of other cadherins (e.g., cadherin-2) that compensate for the loss of cadherin-7 function in the morphant, as cadherin function redundancy is evident in mammals (Junghans et al. 2005) . These results are summarized in Table 2 . 
